A series elastic actuator (SEA) includes an elastic spring in series with an actuator. SEAs provide more accurate force and impedance control than conventional rigid actuators. They are ideal for robots and machines that need to interact safely with the environment. The majority of existing SEAs uses brushless or brushed DC motors as the actuators. The advantages of using step motors as the actuators of SEAs have not received enough attention.
I. INTRODUCTION
Robotic actuators with inherent compliance [1] - [6] are suitable for applications whose main objective is fast and accurate force interaction with a human or environment. Although intrinsic compliance can be provided by using pneumatic [2] , fluidic, or unconventional soft actuators [6] , the issues of inaccurate position control and complicated driving equipment have limited their applications. By contrast, electromagnetic motors are inherently stiff but they provide very good position control performance using simple driving equipment. A variable-stiffness [7] or constant-stiffness spring can be inserted between an electromagnetic motor and the output to form a series elastic actuator (SEA) to provide the required compliance. A displacement sensor can be used to measure the deformation and thus the force of the series spring [8] . Accurate and robust force control can be achieved [9] - [12] without using resistive or capacitive force sensors [13] , which require special sensor placement and complicated signal conditioning to avoid force noise. For applications that require The associate editor coordinating the review of this manuscript and approving it for publication was Engang Tian . the detection of human motion intention, the measured spring force of an SEA can be used to replace surface electromyography sensors on human skin which usually suffer from low signal-to-noise ratios. Furthermore, the series spring can make the gearbox friction force unseen at the output. SEAs can also be used to store/release deformation energy and control the apparent output impedance.
SEAs that provide linear motion [1] , [3] , [5] , [8] , [10] , [12] , [15] and rotary motion [4] , [11] , [14] , [16] - [19] can both be found. Although the type of motion and structure of the elastic spring are not the same, the majority of SEAs in the literature uses brushed or brushless direct-current (DC) motors as the actuators. The rotational speed of these DC motors can be very high but they also require high driving power and are typically expensive. In contrast to DC motors, step motors require low power consumption and are relatively cost-effective. The absence of winding reduces the inertia and weight of the rotor [20] . Fig. 1(a) shows the torque to motor weight while Fig. 1(b) shows the torque to rotor inertia relationships. Two-phase step motors from Oriental Motor [21] , EC brushless DC motors from Maxon Motor [22] , and RE brushed DC motors from Maxon Motor [22] are compared. These motor brands are chosen because they have better torque performance in their respective categories. The maximum continuous torque is compared because it is more representative of the motor torque in normal operation. For each curve in Fig. 1 , the slope represents the torque-to-weight or torque-to-inertia ratio. In Fig. 1(a) , the torque-to-weight ratio is almost the same for both DC motors. The ratio of step motors is nearly five times as large as that of brushed DC motors. This feature makes step motors useful in robots that need to produce sufficient torque while being lightweight at the same time. In Fig. 1(b) , the torque-to-inertia ratio of step motors is nearly ten times as large as that of brushed DC motors, whereas the torqueto-inertia ratios of brushless and brushed DC motors are about the same. For the same torque requirement and gearbox ratio, step motors have much smaller rotor inertia. Accelerating or decelerating the rotor motion becomes quicker and more energy-efficient. Hence they can be used to improve the force control accuracy at high frequencies. When used in an impedance or admittance controller, the stability and bandwidth range can be increased. However, the advantages of using step motors in SEAs remain unaddressed in the literature.
Step motors are known for their toothed rotor and toothed stator. They were previously recognized as unsuitable as robotic actuators because the transition from one step (a quarter of a tooth pitch) to another step is not smooth. When the rotor angle is used as the feedback to modulate the motor torque [20] , the transition between steps can be made smoother. Thus step motors can achieve accurate closed-loop position responses similar to those of DC motors.
Based on our preliminary study in [23] , the goal of this paper is to develop a new SEA that uses a step motor as the actuator. As the advantage of high torque-to-weight ratio is quite obvious, this paper primarily investigates the advantage of high torque-to-inertia ratio. Methods (e.g., [9] ) to improve the force control response of SEAs have been developed, but the merits of using motors of high torque-to-inertia ratios to improve the force response are underexplored. By using the proposed model and controller, step motors can be used in SEAs to provide fast and stable force control response. The method presented here is not exclusive and can be combined with other methods (e.g., [9] ) to further improve the force response. Hence SEAs can be more suitable actuators for human-interaction robots such as exoskeletons, humanoids, or collaborative robots.
In Sec. II, the prototype of a linear series elastic step motor (SESM) is first presented. Sec. II also develops the step motor model that includes the lead screw and motor dynamics. Using the identified motor parameters in Sec. III, a force controller is presented in Sec. IV to show accurate force control at high speeds. Sec. V further develops an impedance controller for the forward and inverse actuation. The simulation and experiment comparisons in Secs. IV and V verify the force and impedance tracking responses of the SESM and its merits over SEAs using other types of actuators. Finally, conclusions are given in Sec. VI.
Different from the simplified SEA model presented in our earlier work [23] , the SEA model presented in this paper takes into account the lead screw dynamics as shown in Secs. II-C and II-D. The force controller design in Sec. IV-A also includes the lead screw dynamics. The new model and controller make the force and impedance control results significantly more accurate. While benchmark comparisons were not ready in [23] , this paper shows the performance comparisons of our SESM with SEAs that are based on brushed or brushless DC motors. The comparisons in Secs. IV and V clearly address the merits of using step motors as the actuators of SEAs.
II. MODELING OF THE STEP MOTOR AND THE SERIES ELASTIC ACTUATOR A. PROTOTYPE OF THE SESM
A hybrid two-phase step motor with bipolar drive (Haydon, size 23) is used as the actuator because it has higher torqueto-weight ratio than other types of step motors [24] . As shown in Fig. 2 , the step motor is connected to a lead screw to generate the linear motion. The lead screw with a pitch of 2.54 mm is rigidly connected to the input bracket. To provide both compression and tension, the two ends of the coil spring are welded to the input and output brackets. The spring deformation is measured using a linear optical encoder that has a resolution of 1 µm. A rotary encoder with a resolution of 0.09 • is used to measure the motor rotation. When the rotation of the motor is transmitted to the linear motion of the lead screw, the linear motion resolution of the lead screw is 0.635 µm, which is comparable to the deformation resolution of the spring.
The specifications of the proposed SESM are listed in Table 1 . Existing linear SEAs [10] , [12] use two springs separately to provide compliance in each of the two-way motion. For our SESM, a single spring is used for the two-way motion. In addition, the step motor rotation and output linear motion are coaxial without additional transmission. Hence the SESM can be compact with an overall size of 157×57×57 mm 3 . Fig. 3 (a) shows the step motor diagram. The governing equations of the step motor can be expressed as follows [20] .
B. MODELING OF THE STEP MOTOR
where v a , v b and i a , i b are the voltages and currents in phases a and b, respectively. The angle θ is the rotation of the rotor; K m is the motor torque constant; R is the resistance of the phase winding; L is the inductance of the phase winding; N r is the number of rotor teeth. Once i a and i b are obtained in Eqs. (1a) and (1b), they can be inserted into Eq. (1c) to compute the motor torque τ m . To remove the sinusoidal terms in Eq. (1) and facilitate the controller design, the direct-quadrature transformation is 
The aband dq axes are defined in Fig. 3 (a) with the transformation matrix given as follows.
Using the direct-quadrature transformation, Eq. (1) can be expressed entirely in terms of i d , i q and v d , v q .
Unlike Eq. (1), the direct current i d and quadrature current i q in Eq. (3) do not include the sinusoidal terms. Hence the frequencies of i d and i q are much lower than i a and i b in Eq. (1). In Eq. (3c), the motor torque τ m is linearly proportional to the quadrature current i q . To cancel the back-emf term K mθ in Eq. (3b), the direct current i d is made equal to −K m /N r L so that the last two terms in Eq. (3b) cancel with each other. Substituting Eq. (3c) back into Eq. (3b), the phase voltages v d and v q respectively become
The actual motor torque τ m is replaced by τ mr in Eq. (4) to indicate the required motor torque. Hence Eq. (4) connects the required motor torque τ mr to the required voltages v d and v q . The voltages can be converted back to v a and v b through the inverse transformation of Eq. (2a). The v a and v b values are then substituted into Eq. (1) to generate the required phase currents i a and i b , and the actual motor torque τ m .
C. MODELING OF THE LEAD SCREW DRIVE
The rotation of the step motor is converted to linear motion through a lead screw drive. Fig. 4 shows an equivalent force diagram of a right-handed lead screw. For the proposed step motor, the rotor serves as the nut that rotates with angular velocityθ to translate the screw with velocityḊ. The linear and rotary motions are related by an amplification factor α such thatθ = αḊ and F = ατ m (5) where F is the equivalent linear motor force. We consider the case where the velocity of the screwḊ and the output force F s as shown in Fig. 4 are in the same direction. The friction force F f from the nut thread to the screw thread depends on the normal force N and screw velocityḊ. It can be expressed as
where µ c and µ v are the coefficients of Coulomb friction and viscous friction, respectively. The force F m is the equivalent translational force from the motor to the nut. It can be related to the motor torque τ m by
where λ is the lead angle. Considering the screw moving in the X direction and nut moving in the Y direction, we can derive the following force balance equations from the free-body analyses of the screw and the nut.
Substituting Eqs. (6-7) into Eq. (8), the net output force F s can be solved and expressed as
Symbols η and ξ denote the equivalent Coulomb and viscous friction coefficients, respectively. When ignoring ξ , the coefficient η represents the efficiency of the lead screw. For the same µ c , a larger value of λ indicates a larger value of η and hence a higher efficiency of the lead screw. Eq. (9) can be used together with Eq. (4) to obtain the required voltages v d and v q for a given F s when considering the frictional effect of the lead screw. Lead screws are used here because they can provide quiet operation with smaller moving inertia [25] . For safety consideration, they can also self-lock the motor. It is also possible to attach ball screws to the step motors if higher efficiency and less backlash are required. Eqs. (5) (6) (7) (8) (9) (10) (11) can be readily modified to analyze ball screw drives. However, ball screws have much larger moving inertia than lead screws due to the rotation of the screw shaft. 
D. DYNAMIC MODELING OF THE SESM
The dynamic model of the SESM is shown in Fig. 5 . Same as the screw displacement, we use D to denote the displacement of the reflected rotor mass M m . The mass and displacement of the output are denoted as M a and D a , respectively. The output and screw displacements are related by
where positive x denotes the tension of the coil spring. The motor force ηF and output force F a are both described along the motor axis. The motor force ηF accounts for the equivalent Coulomb friction while the equivalent viscous friction is accounted for using a damper with a coefficient of ξ . Considering the model in Fig. 5 , the dynamic equations governing the SESM motion can be derived as
In Eq. (13), the motor force F is obtained using Eq. (5). The term kx is equal to the spring force f where k is the spring stiffness. The spring force is obtained given the value of x measured using the linear encoder. The value of D a is calculated using Eq. (12).
To provide a basis for the force controller design, Eq. (13) is reformatted asẊ
where
The transfer function of the system described in Eqs. (14) (15) can be derived as 
where For the safe operation, the undamped resonant frequency of the system should be determined. This is achieved by substituting the s terms in Eq. (17) by jω. We then obtain the value of ω that makes the magnitude of the transfer function maximum. The corresponding expression of ω is
Considering the output mass M a of 1 kg as an example, the undamped resonant frequency is 33.523 Hz. This frequency is appropriate for human force interaction applications that are operated below 10 Hz [26] . Note that if brushless or brushed motors of the same torque were used, the value of M m would be near 10M m . Hence the undamped resonant frequency would be much lower. To further make the undamped resonant frequency of an series elastic actuator higher so that it can be applied to high-speed applications, a spring with larger stiffness should be used. However, the tradeoff is that a larger spring stiffness would decrease the force control accuracy of series elastic actuators.
III. MOTOR POWER AMPLIFICATION AND PARAMETER IDENTIFICATION A. POWER AMPLIFICATION
In the circuit diagram shown in Fig. 3(b) , the power amplifier (OPA548) has a supply voltage of V + = 20 V and V − = -20 V. The capacitance C n = 0.01 µF is used to minimize the voltage noise at the output. The input voltage in Fig. 3(b) is delivered by the analog output of a realtime controller (NI cRIO-9039). Due to the voltage swing, the output voltage v a is bounded by the supply voltages V + and V − and output current i a . The output current i a can be limited by the regulation resistor R CL . These limitations are expressed as follows [27] .
The output voltage and current of phase b are limited by the same equations. To prevent motor failure, the resistance R CL of 41 k is used to regulate the limit of output currents of phases a and b to 1.3 A.
The overall dynamics of the SESM including the step motor (Eqs. (1, 2, 4) ), lead screw (Eq. (13)), and power amplifier (Eqs. (19) (20) ) can be simulated using Simulink. As an example, Fig. 6 shows the dynamic simulation diagram of the proposed SESM. Due to the limitations of the voltage and current outputs, the overall dynamics is nonlinear. The diagram can be extended to include force or impedance controllers.
B. PARAMETER IDENTIFICATION
Using the amplifier circuit diagram in Fig. 3(b) , we first identify the electrical parameters R, L, and K m . Constant voltages of v d and v q are applied to the step motor. After the step motor reaches steady condition, the motor rotational speed and current become constant. Hence Eqs. (3a) and (3b) are simplified as
Different sets of v d and v q were used for the step motor. The values of i d and i q were obtained using Eq. (2b) where i a and i b were obtained using a current sensor (ACS712), and θ was measured using the rotary encoder. The electrical parameters R, L, and K m were calculated by applying the least-squares approximation to Eq. (21) . Table 2 lists the identified electrical parameters along with other mechanical parameters. Fig. 7 shows an experimental setup of the SESM. We placed two force transducers (FUTEK LSB 205) in front of the SESM to measure the output force. The displacement of the force transducers is provided by the external motor. Using this setup, we can measure the stiffness of the spring. Fig. 8(a) shows the static force to deformation curve of the spring. The tension and compression lines exhibit almost the same stiffness. Hence using one spring can still maintain the symmetry of the stiffness. The stiffness after linear fitting is k = 42.629 N/mm. In Eq. (22), K p = 40 is the proportional gain while f and f r are the actual spring force and reference spring force, respectively. A chirp signal with an amplitude of 3 N was given as the reference force f r in Eq. (22) . This force amplitude was chosen to ensure that the linear frequency response did not result in saturation of the power amplifier. Using the same experimental setup as that in Fig. 7, Fig. 8(b) shows the experimental frequency response and the fitting curve. The values of M m , η, and ξ were optimized such that the fitting curve best matches the experimental curve. The identified mechanical parameters are listed in Table 2 . The corresponding values of µ c and µ v are 0.5091 and 364.33 Ns/m, respectively.
IV. FORCE CONTROL OF THE LINEAR SERIES ELASTIC STEP MOTOR A. DESIGN OF THE FORCE CONTROLLER
Using the dynamic model presented in Sec. II-D, a standard force controller for the SESM can be established. Considering the case of D a = 0, the force controller diagram in Fig. 9 (a) has a plant P(s) the same as that in Eq. (22) . A controller C(s) = K p + s −1 K i + sK d is used to control the spring force f to match with the reference force f r .
Based on the closed-loop characteristic equation of the force controller, the stability condition can be derived using the Routh's criterion considering positive controller gains. Observing Eq. (23), setting the controller gain K i to zero can ensure the absolute stability of the system regardless of the choice of other parameters. PD gains of K p = 96.30 and K d = 0.20 are used for the experiment and simulation results throughout the paper. The gain values were optimally chosen such that the rise time of the force step response is minimized while there is no overshoot. A root locus plot of the force controller is shown in Fig. 9(b) to compare the relative stability of increasing M m . The closed-loop poles move closer to the imaginary axis as M m increases. The roots of M m and 10M m are labeled in Fig. 9(b) , where M m refers to the reflected motor mass of the proposed SESM while 10M m refers to the use of DC motors as suggested in Fig. 1(b) . The ratio of the real parts of the M m and 10M m roots is nearly ten. For the same torque requirement as DC motors, step motors have much smaller rotor inertia and thus can provide relatively more stable force control performance.
Although the force controller is developed in the context of fixed output (D a = 0), the more general force control case with nonzero D a and environmental stiffness can also be considered. It can be shown that a smaller M m can always improve the relative stability of the force control in the general case.
B. FORCE CONTROL BANDWIDTH
Based on the force controller in Sec. IV-A, we implemented a force tracking control experiment to verify the response speed of the SESM. The controller had a sampling frequency of 1 kHz. The SESM was controlled to follow a reference sinusoidal force.
A reference chirp signal with A = 100 N was used to obtain the frequency response as shown in Fig. 10 . In the same figure, the simulation result is also given. The simulation result was obtained using the procedure in Fig. 6 , which considers saturation of the power amplifier. The experiment and simulation responses only show small discrepancies at high frequencies.
Their bandwidths are 5.88 Hz and 8.84 Hz, respectively. In the linear situation where the transfer functions in Eqs. (16) (17) are valid, the bandwidth would be 37.94 Hz. The difference is mainly due to the power amplifier saturation at a high force magnitude of 100 N. Table 3 compares the force control bandwidths. The results of using a chirp signal with a magnitude of 5 N are also listed. Because the force magnitude of 5 N is much smaller than 100 N, the SESM does not experience any power amplifier saturation. Hence the bandwidths of the three cases are all very close. The results in Table 3 also verify our dynamic model in Sec. II and parameter identification in Sec. III in predicting the linear and nonlinear responses of the linear SESM.
To compare with the use of other DC motors as the actuators of SEAs, the reflected rotor mass M m is intentionally multiplied by ten. Referring to Fig. 1(b) , this 10M m multiplication is to emulate the reflected rotor mass of brushless or brushed DC motors that have the same output torque as step motors. The simulation of the 10M m case was performed again using A = 5 N. The force control bandwidth would be significantly decreased as shown in the last column of Table 3 . This is in correspondence to the description in Sec. I that the step motors with high torque-to-inertia ratio can enable accurate force control at high frequencies.
V. IMPEDANCE CONTROLLER AND EXPERIMENTS A. DESIGN OF THE IMPEDANCE CONTROLLER
The force control performance of the proposed SESM in Sec. IV demonstrates that it could be further used for impedance or admittance controllers that require accurate and fast force control. As illustrated in Fig. 11 , we consider an impedance controller for the SESM. The SESM plant contains the four transfer functions in Eq. (17) . The plant has the motor F and output force F a as the two inputs. The inner force control loop includes a force controller C(s) the same as that in Fig. 9(a) . The impedance controller I (s) of the outer position control loop is K v + B v s. The gains K v and B v are respectively the stiffness of the virtual spring and coefficient of the virtual damper that are located between the SESM and the output. By changing the values of K v and B v , different interface impedance can be generated. At the same time, the force F from the motor pushes the output mass to trace a reference trajectory of D ar under the influence of the force F a from the output.
B. STABILITY ANALYSIS AND EXPERIMENT
The stability of the impedance controller in Sec. V-A depends on the values of B v and K v . To perform the stability analysis, we consider the mass of the output M a to be 1 kg while the coefficients η and ξ are ignored. In this condition, we obtain the marginally stable curve of the impedance controller as shown in Fig. 12 . The area inside the dotted closed curve indicates a stable region. After B v of 0.2 N-s/mm, the stable range of K v decreases as the value of B v increases. The line of the SESM spring stiffness is also shown. The stable value of K v can reach up to 80 N/mm.
To compare our SESM with other SEAs using DC motors, we again compute the marginally stable curve of the case where M m is multiplied by ten while other parameters remain the same. As shown in Fig. 12 , the 10M m curve has a much smaller stability region. There is no stable K v when B v exceeds 0.13 N-s/mm. Hence the use of step motors can significantly increase the stability range when compared with the use of other DC motors as the actuators of SEAs. To further increase the stability region of the SESM, the value of M a or k should be increased.
C. ZERO IMPEDANCE CONTROL EXPERIMENT
The linear step motor without the series spring cannot be inversely driven due to the presence of the lead screw. To safely interact with the output, the SESM must have good back-drivability and transparency. Using the developed impedance controller in Sec. V-A, we verified the SESM transparency by setting the impedance value to zero. As an illustration, the output of the SESM was repeatedly actuated by an external motor while the values of the virtual spring stiffness (K v ) and damping coefficient (B v ) were set to zero. The inversely actuated displacement for the output can be expressed as follows.
The SESM is controlled to keep zero spring force (f = 0) regardless of the function of D a in Eq. (25) . Using B = 5 mm, Fig. 13 shows the recorded displacement D a and the spring force f when f b = 0.5 Hz. The simulation force curve is also plotted. The root-mean-square (RMS) value of the experimental force curve is 0.6745 N. The RMS force can be converted to the spring deformation of 15 µm. The very small residual force and spring deformation verify the zero impedance controller and low output resistance of the SESM. Table 4 further lists the experimental RMS force values of other frequencies. The zero impedance controller at a low frequency performs better than that at a high frequency. The simulated RMS values are smaller than those obtained by the experiment. The difference is mostly owing to the slightly unmatched friction force and viscous damping force. In the same table, reflected rotor mass of 10M m is also compared while other parameters are kept the same. The simulated RMS force values at 0.2, 0.5, and 1 Hz are all higher than those of the M m case. The difference is larger at 1 Hz. This comparison indicates that the use of smaller rotor inertia can improve the zero impedance response even at low frequencies (less than 1 Hz). Fig. 14 shows the simulation curves of the frequency response when the SESM is given an external displacement with an amplitude of 5 mm. The magnitude of the frequency response denotes 20log|D/D a |, which should be zero if the SESM is completely transparent. Positive and negative magnitudes indicate that the spring is in compression and tension, respectively. We further define the first intersection of the curve with the magnitude of 1 dB as the zero impedance control bandwidth of the SESM. The bandwidth is 8.545 Hz for the M m curve. In the same figure, the 10M m curve is also plotted to emulate the case of using other DC motors as the actuators of SEAs. The zero impedance control bandwidth is 2.609 Hz, which is much smaller than the M m case. Thus the SESM with high torque-to-inertia ratio can have a smaller residual force at high frequencies and thus better dynamic transparency.
In Table 5 , zero impedance control results of existing rotary and linear SEAs are listed. Most of them use brushless DC motors (BLDC). They are compared with the zero impedance control result of our SESM. To compare linear and rotary SEAs fairly, the RMS force or torque of the zero impedance control result is divided by the maximum force or torque of the associated SEA to obtain the RMS force or torque ratio. As shown in the last row of Table 5 , the RMS force or torque ratios in [12] , [16] - [18] are much higher than that of our SESM. Specifically, the frequencies in [17] , [18] are lower but still have higher ratios than that of our SESM. Hence the SESM can provide better transparency to the output.
In [23] , the RMS force ratio of the zero impedance control result is 0.31%. The comparison of [23] with the ratio in this paper verifies the effectiveness of using the lead screw dynamics to construct the impedance controller of the SESM.
D. VIRTUAL STIFFNESS CONTROL EXPERIMENT
In addition to providing zero impedance, it is also important to provide different virtual stiffnesses accurately. The virtual stiffness allows the creation of a simulated environment at the output. When setting the reference motion D ar to zero and the stiffness of the virtual spring to an arbitrary nonzero value, the SESM can be used to render a virtual stiffness. In the experiment, the output of the SESM was displaced by an external motor (as shown in Fig. 7) in the forward and backward directions periodically. The virtual stiffness K v was controlled at a specific value while the virtual damping coefficient B v was set to zero. Fig. 15 shows the virtual stiffness control results of K v = 5, 10, 20, and 40 N/mm. The number beside each curve indicates the linear stiffness (units in N/mm). The dashed lines are the desired stiffnesses. In addition to the large range of linear stiffness, the experimental lines match well with the desired stiffnesses with high linearity. The maximum stiffness error occurs at K v = 5 N/mm and is less than 5%. The maximum hysteresis gap for each curve is nearly the same and is less than 1.5 N.
A frequency response of the virtual stiffness control in Fig. 16 can also exhibit the effect of different M m . In Fig. 16 , the virtual stiffness is controlled at K v = 10 N/mm. The magnitude denotes 20log|k(D−D a )/K v D a |, which should be zero if the virtual stiffness reaches the required value. The virtual stiffness control bandwidths (at −3dB) are 6.94 Hz and 2.03 Hz for the M m and 10M m cases, respectively. Thus a higher torque-to-inertia ratio allows the SESM to track virtual stiffness better at high frequencies.
To evaluate the hysteresis of the stiffness curves in Fig. 15 , Table 6 compares the stiffness control result of our SESM with those of existing SEAs [4] , [16] . For fairness of comparison of linear and rotary SEAs, the ratio of the hysteresis gap to the maximum torque or force is used as the normalized value. This ratio should be as small as possible in order not to degrade the impedance response when interacting with the environment. As can be observed, this ratio is much smaller for our SESM than those reported in [4] , [16] . Hence, more accurate stiffness can be rendered.
VI. CONCLUSION
A series elastic step motor (SESM) has been presented in this paper.
Step motors have high torque-to-inertia ratios, and hence they can improve the stability and high-speed accuracy of force and impedance control. The modeling, analysis, and parameter identification of the SESM were presented. In general, the modeling and control methods can be applied to other types of hybrid step motors.
Force and impedance controllers have been developed. The experiments of the force, zero impedance, and stiffness control verified the dynamic models of the step motor and the lead screw. The advantages of using the SESM over the use of DC motors as the actuators of SEAs include larger stability range and faster force/impedance control response. The zero impedance control of the SESM has a bandwidth of 8.545 Hz while the output stiffness of the SESM can be controlled to be up to 40 N/mm. In the future, it is expected that robots can be powered by the proposed SESM when weight reduction, stability, and force response speed are primary concerns.
